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Abstract 
Over the past three decades the oil and gas industry has developed full-system approaches for safe and cost-effective injection of 
carbon dioxide (CO2). Projects have been executed successfully that inject into formations spanning a full range of depths, 
reservoir quality, pressures and temperatures. Injection has been into both aquifers and hydrocarbon bearing intervals. Lessons 
learned about site selection, storage design and site monitoring are directly applicable to current and future carbon dioxide geo-
sequestration projects. 
In this paper the focus will be on storage project field experience and simulation-based investigations of plume growth and 
migration in different geologic settings. Also discussed will be options to optimize well rates and location to maximize the 
storage volumes of CO2 injection. Safe, efficient and reliable long term storage of CO2 will require knowledge and observance of 
limits on cap rock fracture pressures, location of formation spill points and maximum rates of injection to mitigate adverse sweep 
related to gravity override of injected gas. 
Study outcomes and key design parameters for three different storage scenarios will be discussed. One will be a depleted oil field 
in an anticline structure connected to a regional aquifer; a second will be storage into a deep and lower quality aquifer underlying 
a gas field and a third will be assessment of potential storage in a large regional aquifer in pressure communication with active 
producing fields. 
By use of specific examples across a range of possible storage scenarios we will illustrate that site specific data combined with 
detailed dynamic modelling is very important to a complete appraisal of storage site integrity and capacity. 
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1. Introduction 
Long term secure storage of CO2 in the subsurface is gaining increased acceptance for commercial-scale CO2 
sequestration. To frame the challenge in terms of volumetrics, a 500MWe Integrated Gasification Combined Cycle 
(IGCC) power plant with capture will deliver approximately 7,300 tonnes of CO2 per day (140 MMscf/day) whereas 
a 500 MWe Natural Gas Combined cycle unit will deliver approximately 3,900 tonnes (75 MMscf/day). Global 
power generation is approximately 3,000,000 MWe. The volume of emissions from existing plants and the 
timetables being projected for significant global cuts in emissions mean that proven technologies will have to be 
deployed in the initial phases and then new technologies must be developed / tested and implemented.  
Acceptance of underground storage as a viable option by the technical communities, the regulators and the 
general public is based on a long history of safe, efficient and reliable hydrocarbon and non-hydrocarbon gas 
injection and storage projects.  
Subsurface gas injection operations have historically been undertaken by the oil and gas and related industries for 
enhanced oil recovery and natural gas storage and, more recently, several injection-only CO2 storage projects have 
been put into operation: 
x The primary use of CO2 by the oil and gas industry has been in the USA and Canada where approximately 1 
Bscf/day is injected to enhance oil recovery and production. To date, it is estimated that 7 Tscf of CO2 is 
stored in these fields where it has done "useful work" to displace in situ oil. These projects have been 
implemented by the oil and gas industry under established processes for site selection and under existing 
rules and regulations for underground injection operations. The industry also has a long history of injecting 
methane gas for pressure maintenance of oil reservoirs and of subterranean storage of acid-gas extracted 
during the course of natural gas processing. Two examples of current ExxonMobil interest fields with large-
scale natural gas re-injection operations are Hibernia in Eastern Canada (250 MMscf/d) and Prudhoe Bay in 
Alaska (8 Bscf/day). 
x The gas transmission industry also operates natural gas storage sites for short-term and seasonal injection / 
production. These sites have used depleted oil and gas fields, aquifers and salt dome cavities specifically 
created for gas storage. In the USA, the Energy Information Agency (EIA) reports that these sites have a 
total installed rate capacity of 87 Bscf/day of methane for short term and cyclical storage. 
x There are 15 industry and government sponsored CO2 storage sites tracked by the Massachusetts Institute of 
Technology (MIT), as either in progress or planned, where a total of 11 MT/yr (600 MMscf/day) CO2 will be 
injected for storage into either depleted oil and gas fields or into aquifers. These are injection-only 
operations, so increasing reservoir pressure is not offset by adjacent production but rather by displacement of 
in situ brine or residual hydrocarbons within the target reservoir. During these demonstration projects both 
the geosphere and the biosphere have been carefully monitored for evidence, if any, of leakage. 
Storage site selection, design, construction and operations are predicated on three key priorities: 
x Safety, Health and Environment (SHE) involves protection of both personnel and the environment by 
confining all injected fluids within surface and well equipment or in the target reservoir. With the coming 
imperative of storing large quantities of CO2 in the subsurface there is likely to be increasing need for 
injection-only storage operations. This mode of operation will increase the formation pressure in the vicinity 
of the injection well(s) and result in large volume displacement of in situ brine or residual hydrocarbons. The 
pressure integrity of the storage site and the connectivity of the site to other zones of interest become very 
important given that in situ fluids are being displaced and long term immobilization of CO2 in the subsurface 
is a requirement of the project. Projects are designed with careful attention to both the capacity of the 
reservoir rock, where injection takes place, and a full understanding of the overlying seals or cap rocks that 
keep the injected fluid from migrating towards the surface where it could either contaminate ground water or 
re-enter the atmosphere. Engineering design requires a good description of the subsurface and accurate 
models of fluid flow in the reservoir pore space.  Containment of the high pressure CO2 also requires 
integrity of the well that is a conduit of the CO2 from the surface to the reservoir and the high integrity 
surface equipment. 
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x Efficiency is realized by storing the greatest amount of CO2 in the minimum amount of pore space at the 
lowest unit cost. Efficiency will be achieved by compressing CO2 into dense phase conditions in the 
reservoir and by placing the injectant in a manner that achieves maximum sweep efficiency and therefore a 
minimum plume size in the subsurface. Achieving low unit costs will require a minimum number of wells 
and the lowest feasible injection pressures. This objective will lead practitioners to look for the highest 
quality reservoirs at the shallowest possible depths (with adequate top seal(s)) to inject the CO2 as a dense 
phase. 
x Reliability of storage operations requires maximizing uptime and minimizing need for venting of CO2. The 
operations of both the capture facility (source) and the storage site (sink) will need to be of the highest 
standard to both fully utilize the equipment at design capacities and prevent interruptions in service that 
could result in unscheduled venting of high pressure CO2 into the atmosphere.  
This paper will focus on modeling of the subsurface aspects of rock properties, rates, pressures, temperatures and 
fluid relative permeability that impact the safety and efficiency of CO2 storage operations. Examples from existing 
project types and future project studies will be used to illustrate the impact of key factors. 
2. Body:  
2.1 CO2 based Enhanced Oil Recovery (EOR) projects 
The objective of CO2 based EOR floods has historically been to safely inject as little CO2 as possible while 
achieving miscible displacement of the maximum amount of oil to offset production wells.  The sources of CO2 for 
these floods have been mostly naturally-occurring subsurface accumulations. 
The fields with CO2-EOR displacement have generally been chosen based on reservoir properties that allow 
efficient contacting of oil and brine in the reservoir with a CO2 injectant that is at sufficient pressure to be miscible 
with the remaining oil. This allows the CO2 to efficiently mobilize the oil for displacement to production wells. The 
CO2 in the reservoir is typically in the dense phase at pressures of about 3000 psi and temperatures in the range of 
130 deg Fahrenheit. Average properties from 108 fields with 6,200 wells injecting miscible CO2 as cited in the 2008 
Oil and Gas Journal (OGJ) EOR survey are shown in Table 1 below. Also shown are representative screening 
criteria that give sideboard parameters for determining if a reservoir has CO2 miscible EOR potential. 
 
Table 1: Carbon Dioxide Miscible Enhanced Oil Recovery conditions 
 
CO2 Miscible Gas for 
EOR Projects  
Depth, 
ft 
Porosity, 
% 
Permeability, 
md 
Oil Sat 
start, % 
Temp., 
deg F 
API Gravity, 
deg 
Visc., 
cp 
Avg. Properties (OGJ) 6,030 13% 450 37 130 36.8 1.2 
Screening Criteria >2,500   >20 <250 >22 <10 
 
Injection of CO2 is usually alternated with water to both help distribute the CO2 more uniformly, so as to contact 
more oil, and also to maintain reservoir pressure while conserving CO2 supplies. The injection rate per well in West 
Texas is typically in the order of 350 Mscf/day when in gas injection mode. When operating in the alternating water-
gas mode, maintaining injection rates can be a challenge if sufficient permeability and thickness are not found at the 
injection location. This can be managed, if appropriate by either acid stimulation of the injection interval or by 
drilling of near-horizontal wells that achieve more reservoir contact. In most cases, care is taken to keep injection 
pressures below that of regional fracture gradients (typically 0.7-0.8 psi/foot) to prevent either rupturing of overlying 
seals or diversion of injection fluids away from the target zone. In certain cases the wells are hydraulically fractured 
within the reservoir zone but this may have unintended consequences of bypassing the target oil and pre-mature 
breakthrough at offset injectors. 
Containment of both injected and produced fluids in the zone of interest requires that the some of the overlying 
strata are impermeable to gas, oil, and brine that might otherwise escape to shallower zones or to surface.  
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Also important for safety is the design of the injection wells with sufficient casing strings and cemented intervals 
to contain both surface and downhole pressure and prevent any leakage to shallow zones or the groundwater 
intervals. The wells drilled and completed to date for EOR have met or exceeded the requirements of Class II UIC 
regulations as defined by the Safe Drinking Water Act (SDWA). A typical completion includes multiple protective 
steel casings with annular cement bonds to provide pressure and flow isolation. Typical configurations include 
concentric casing strings cemented across the groundwater layers, shallow lower pressure reservoirs and deeper 
higher pressure hydrocarbon bearing reservoirs. These casing strings are terminated in formations with good sealing 
characteristics and the outside annulus is cemented to prevent fluid flow behind the pipe. In addition, the flowing 
fluids are contained within a packed off tubing string inside of the cemented casing strings. Pressure monitoring at 
surface of each of the casing strings is an effective way of ascertaining if any near-wellbore leakage is occurring. If 
indications of leakage are detected at surface then pressure bleed off lines are installed and, if necessary, downhole 
surveys are run to measure pressure and temperature and flow profiles to detect leak points. These surveys can then 
be followed by well intervention to squeeze additional cement behind casing strings to seal off the leak path.  
2.2 Natural Gas Storage Sites 
Natural gas storage facilities use similar technologies to the oil and gas industry but with the objective of being 
able to cycle from injection to production operations to meet the demands of customers with high-volume peak 
demands such as gas-fired power plants and central heating. Storage operations often utilize the pore space and 
infrastructure of depleted oil fields. Also employed for storage are aquifers and specially constructed cavities in salt 
domes. Each type of storage environment has pros and cons with respect to storage efficiency: 
x Depleted oil and gas fields usually have reliable top seals and known capacity and deliverability 
characteristics. They also have some existing infrastructure and right-of-way that has value. The 
disadvantage is that they are not always located near the point of cyclical demand. As an example of the 
relative magnitude of operations, the current U.S. capacity for storage in depleted fields is 6,712 Bscf with a 
maximum deliverability of 64.9 Bscf/day. 
x Aquifers are often conveniently located and may have large capacities that can be used for injection and 
production at moderate pressures. The downside of aquifers is lower degree of certainty as to seal, capacity, 
and deliverability and the need for higher levels of cushion gas in the region where the in situ brine is either 
displaced by injected gas or displaces in situ gas on the withdrawal cycle. Current U.S. sites are primarily 
near consumers and have a capacity of 1,356 Bscf and a deliverability of 8.4 Bscf/day. 
x Salt domes usually have excellent sealing properties and after the cavity is created have known capacity with 
very high deliverability and injectivity. The disadvantage is the initial cost of construction of a large cavity in 
the salt, although this may be offset by sales of the evacuated salt. The domes are primarily along the Gulf 
Coast near to sources of production and have a capacity of 262 Bscf and a deliverability of 13.9 Bscf/day. 
2.3 CO2 storage demonstration projects  
Of the 15 storage demonstration projects listed on the MIT web site, seven are injecting a total of 7.0 MT/yr (365 
MMscf/day) into brine aquifers, six are injecting a total of 3.0 MT/yr (155 MMscf/day) into depleted oil or gas 
reservoirs and two are being used for Enhanced Oil Recovery with a combined injection rate of 1.1 MT/yr (57 
MMscf/day). The source of gas for the demonstrations is from subterranean natural gas sources for ten of the 
projects, with the other five being from industrial facilities. 
While the demonstration projects are relatively small in volumes injected they are being run to both build public 
confidence as to the safety of these types of operations and to perform intensive monitoring operations to determine 
the feasibility of detecting leakage that might occur over time from the sites. Quantitative differentiation of low rate 
leakage from CO2 injected into the subsurface, versus background variations in CO2 levels generated by both human 
sources and natural processes in the biosphere, is a challenge that has wide reaching implications for public officials 
who are formulating regulations for safe conduct of storage operations and the associated liability regimes. Several 
consortia are actively investigating technologies and options to address this challenge. 
2.4 Enabling technologies for existing operations 
The above examples of existing gas injection and storage operations serve to illustrate how the integration of 
multiple currently available technologies that goes into the design and construction of a successful project can 
deliver a safe, efficient and reliable result. The timing of application of these technologies can be characterized in 
six stages: 
x Appraisal (Seismic, drilling, laboratory studies) 
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x Modeling (Geological, fluid flow simulation, geomechanics, reactive transport) 
x Development (Well drilling, logging, and completion; surface equipment for compression and metering) 
x Operations (Maximum pressure limits, flow metering, reliability) 
x Monitoring (Geosphere via downhole and imaging surveys, Biosphere at surface and shallow wells) 
x Site closure (Well plugging with cement, equipment removal, site restoration) 
During the Appraisal and Modeling stages, the focus is on characteristics of reservoirs suitable for storage of CO2: 
Safety 
x Minimal tectonic activity (folded, fractured, or faulted) 
x Thick confining seals of shale or evaporitic beds 
x Continuous and connected sedimentary sequences 
Efficiency 
x Adequate depth to contain CO2 as a dense phase (>2500 ft) 
x Sufficient dip and / or vertical permeability to utilize full thickness of reservoir given buoyancy of  CO2   
x Adequate porosity - thickness and permeability- thickness 
x Favorable relative permeability between injected CO2 and in situ fluids 
x No significant diagenesis that destroys porosity or permeability 
Development and Operations stages involve design and selection of: 
Safety 
x Wells with high integrity cements, tubulars and surface equipment design 
x Wells located away from faults, fractures and flow barriers 
Efficiency 
x High per well injectivity and completion to contact all zones to maximize use of permitted pore space 
x If EOR candidate, then contact remaining oil target to capture maximum revenue stream 
Reliability 
x Injectant supply sources and transport options, redundancy of equipment and corrosion mitigation 
Monitoring of storage sites during and after injection: 
Safety 
x Operations and well abandonment best practices 
Efficiency 
x Geosphere and Biosphere – Periodic and cost-effective tools run at the optimum frequency 
Reliability 
x Quantitative and repeatable real-time measurement of rates, pressures and periodic subsurface imaging 
Site closure focuses on plugging of the wells and compliance with regulations and long term liability provisions 
 
2.5 Examples of site design and evaluations 
2.5.1 Depleted Oil and Gas Field 
The target depleted field is a large anticline dome structure with an excellent multi-darcy sandstone formation 
that previously produced oil while both water and gas were re-injected for pressure maintenance. In the final stages 
of production the natural gas was produced from the crest of the structure with resulting loss of pressure in the 
reservoir. Since that time the underlying regional aquifer has been entering the reservoir by flow through structural 
spill points and re-pressuring the multiple porous sand intervals. Modeling of the reservoir was done to test the 
sensitivity of storage efficiency to key reservoir parameters on quantity and efficiency of storage in this field. Given 
that the field had previously contained oil, the model was also run to determine if enhanced oil recovery could be 
monetized as part of the project. To model the safety constraints of the injection-only operation, the injection 
pressure in injection wells located at the crest of the structure was kept below the original pressure of the gas cap at 
time of field discovery. The figure below shows the results of simulated crestal injection of CO2.  Fluids initially 
present in the reservoir are displaced down and out into the connected aquifer as shown in Figure 1.  CO2 remains as 
a dense, mobile fluid that is trapped and stored by the proven reservoir seal. 
 
Figure 1: Saturation changes with time from simulation of CO2 injection in a depleted oil and gas field 
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Key design parameters examined in the model were as follows: 
x Impact of uncertainties in measured CO2-brine relative permeability on displacement and sweep. 
Examination of both measured and analog relative permeability curves for gas-water showed that the end-
point relative permeability to water could vary from 0.2 to 0.8. When sensitivities were run in the model, a 
range of 100-200 MMscf/d in maximum injection rates without gravity override was observed. This work 
highlights the importance of getting good laboratory measurements of rock properties by obtaining core 
samples during the appraisal stage of a project. 
x Sensitivity of maximum storage capacity to sand distribution, spill points, etc. 
While the original gas-oil and oil-water contacts for the oil field were well defined, there was less 
certainty about the spill points of the underlying regional aquifer. If CO2 were to be injected so that the 
structure filled to below these spill points, then in principle the CO2 plume could migrate to adjacent fields 
that exist in the same formation. If the operator chose to inject to the point of "fill to spill," the plume 
would need to be monitored by periodic seismic surveys as the storage project progressed. 
x Optimization of EOR potential by changing well configurations and oil production points.  
The original oil was mostly displaced by water during initial production down to a remaining oil 
saturation of less than 20%. Experience has shown that subsequent displacement by gas along with gravity 
drainage behind the gas front could result in an oil bank near the original oil-water contact. Options were 
investigated for placement of producing wells downdip of the injection to recover the accumulated oil. 
Volumes captured by this approach were modest but could potentially generate revenue from "useful 
work" being done by the stored CO2.  
   
2.5.2 Weak aquifer adjacent to producing gas field 
The subject field produces gas from a deep, thick multi-zone carbonate on the crest of a regionally plunging 
anticline. The in situ gas is 20% methane with the rest being inerts that are stripped from the sales gas at the gas 
plant. Two downdip injectors are re-injecting 60 MMscf/d acid gas (65% H2S, 35% CO2) into the aquifer some 40 
miles removed from the crestal production area – one of the world’s largest acid gas re-injection projects.  The 
injection zone is 17,000 feet depth, is 800 feet thick with a porosity of 8-10% and permeability of 10-50 md. The 
study looked at possible expansion of the storage project to include higher volumes and, as a result, more acid gas 
injection wells.  
Key design parameters to ensure safe and reliable operations of a possible storage expansion include: 
x Injectivity per well given that the reservoir permeability is less than 100 md and wells are expensive 
The two existing wells are injecting 30 MMscf/d each of acid gas and injectivity to date has been 
relatively stable. Acid gas injection wells are costly, so the desire is to minimize the number of wells per 
unit of injected acid gas. Given the depth of injection, there are multiple overlying sealing formations so 
options were examined to increase the wellhead pressure from 3250 psi to 4750 psi. To correctly model 
the wellbore and near-well region requires accounting for temperature-dependent hydraulics, near-well 
vaporization of connate water, and permeability enhancement from the acid gas in contact with the 
carbonate matrix. 
x Injector spacing and locations. 
Aqueous Saturation (High Krw Case)
3 Years 10 Years 20 Years 30 Years
OWC
0.25 1.0Water Saturation
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If an expansion is undertaken then the logistics of pipeline construction and topography make spacing 
between injection wells important in terms of efficiency of operations. Offsetting this is the fact that high 
pressures near the injection wells result in higher back pressures over time at adjacent locations unless 
wells are separated by enough distance to prevent interference.  
x Plume migration in single versus multiple zones 
The current outlook for the two wells is that the acid gas plume will be about 4 miles in diameter after 
injecting one Tscf over the project life. If other unconnected aquifer zones were deemed suitable for 
injection then the storage capacity per well could be increased by completion across multiple zones in a 
single well. A schematic of the area of interest is shown below as Figure 2. 
 
Figure 2: Schematic of CO2 injection in a producing gas field with underlying weak aquifer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.5.3 Regional Aquifer with producing oilfields in basin 
This study looked at options for CO2 sequestration in a large regional aquifer where ongoing oil and gas 
production occurs from connected formations and was designed to investigate conditions and timeframes where 
contamination could occur. The target formation is a thick multi-darcy sandstone with interpreted discontinuous 
shale layers and coal seams that will serve as baffles but are not expected to be barriers to the CO2 plume as it 
migrates after injection. The driving force for plume migration will be its buoyancy, the basin hydrodynamics and 
pressure sinks caused by the producing fields. Injection of CO2 significantly below the producing horizon was 
assumed. It was recognized, however, that long term containment of the CO2 would likely be achieved via the same 
overlying regional seal which allows for hydrocarbon traps in the region. It was therefore expected that ultimately 
the CO2 would migrate into depleted fields that would provide for ultimate containment. 
Key modeling parameters to consider when evaluating this sequestration scenario include: 
x Regional Stratigraphy 
Since the injected CO2 will initially rise rapidly from the point of injection in a high permeability area, the 
presence or absence of lower permeability layers within the formation will have the largest impact on the 
lateral dimensions of the plume. Multiple layers will slow the rise of the gas to the top of the formation and 
help retard lateral movement of a thin layer of gas at the top of sand. Additionally the geometry of lower 
permeability layers will influence the migration pathway and have the potential to direct CO2 to regions of 
the aquifer outside structural closure. Figure 3 below shows that a vertical plume develops early for this 
case 
 
Figure 3: Saturation changes after 10 years from simulation of CO2 injection in a deep basin offset by oil field(s) 
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x Plume migration numerical modelling and phase trapping  
Related to the subsurface movement of brine and the formation of either a dispersed or concentrated plume 
is the need to know how quickly, or slowly, the CO2 will be contacted by unsaturated brine and go into 
solution or be "trapped". Further detail is needed to calibrate current models that relate solubility to 
pressure, temperature and salinity to predict degree of trapping with time. Simulation grids and time-step 
sizes are also important to adequately represent the saturation and mobility of CO2 as it moves with an 
unstable shock-front around small scale and localized heterogeneities within thick aquifers in a basin scale. 
Large areal grid, homogeneous models will usually predict slower movement than will fine grid 
heterogeneous models. 
x Basin pressure gradients / hydrodynamics 
The regional aquifer is known to be pressure connected across the entire basin. The direction and 
magnitude of local pressure gradients and hydrodynamic flow is less well known for specific injection sites 
given the complexity of recharge and discharge dynamics at the basin edges and the ongoing perturbations 
caused by producing oil fields. 
3. Conclusion  
Given the objectives for CO2 storage projects to deliver safe, efficient and reliable outcomes it has been shown 
that multiple design factors must be considered, and then accounted for, throughout the full project life cycle from 
appraisal to site closure. This paper has focused on subsurface characterization parameters and given an account of 
the most significant variables for each of three example project assessments. Since each storage site will be unique, 
a similar analysis will be required for each site to ensure success. 
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5. Appendices - Units Nomenclature and Conversion Factors 
Metric Units: 
MT = Mega tonnes of CO2  and MWe = Mega watts equivalent 
Imperial - Oil Field Units: 
M, MM and BSCF = Thousand, Million and Billion standard cubic feet 
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